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Blowing in the wind: III. Accretion of dust rims by chondrule-sized
particles in a turbulent protoplanetary nebula
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Abstract

The fabric of primitive meteorites is dominated by small but macroscopic particles—chondrules, refractory mineral inclusions
metal grains, and their like. One interesting aspect of these particles is that they are often surrounded by well-attached rims of fi
dust which appear to have been “accreted” onto solid mineral cores. The rim thickness varies from one meteorite to another, but t
to be a proportionality between the thickness of the rim and the size of the core. We make use of recently derived analytical expre
absolute and relative velocities of chondrule-and-CAI-sized particles in a weakly turbulent nebula (Cuzzi and Hogan, 2003, pape
series) to assess the acquisition of fine-grained accretionary dust rims by particles in the chondrule-to-CAI size range. We com
predictions with meteoritic observations, and show how the existence of fairly compact dust rims on chondrules and similar size o
be easily understood within the turbulent nebula context. We estimate the time needed to accrete such rims to be in the 102–103 year range.
More observations of the form of the correlation between rim and core diameter in dust-rimmed chondrules are needed in order
constrain the environment and history of these objects.
Published by Elsevier Inc.
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1. Background

The fabric of the most primitive meteorites undoubte
contains many clues as to their origin. While most ch
drites are samples of surfaces that have been well wo
over by impacts and stirring (“regolith breccias”), the ori
nal dominance of chondrules and like-sized objects rem
clear. How it came about that most chondrite parent bo
are so dominated by particles with such a well-defined ra
of physical, chemical, and petrographic properties rem
one of the big puzzles of meteoritics.

Fe–Mg–Si–O mineral chondrules, which solidified fro
a melt, constitute 30–80% of primitive meteorites. There
a number of extant hypotheses for the formation of the ch
drules. Most workers in the field believe that chondrules
formed by either localized or nebula scale energetic ev
operating on freely floating precursors of comparable m
at some location or locations in the protoplanetary neb
(see, e.g., Grossman (1989), Grossman et al. (1989),
(1996), Connolly and Love (1998), and Jones et al. (20

E-mail address: cuzzi@cosmic.arc.nasa.gov.
0019-1035/$ – see front matter Published by Elsevier Inc.
doi:10.1016/j.icarus.2003.12.008
s

for reviews of hypotheses on this long-controversial
perennially fascinating subject).

Another meteorite constituent of great interest are
mineral grains called Ca–Al-rich refractory inclusio
(CAIs)—so-called because their constituent minerals c
dense out of nebula gas at a much higher tempera
than do chondrules. These objects are widely believe
be direct nebula condensates, and have a complex s
quent thermal history which has some similarities to t
of chondrules and some differences. They make up 1–
of primitive meteorites depending on type, and their s
distribution is broader than that of the chondrules. Ther
increasing evidence from radioisotope ages that CAIs
� 106 years older than the chondrules. How these old, h
temperature minerals find themselves intimately mixed w
lower-temperature minerals remains a puzzle. Surely,
nebula evolution must share at least some similarities
the chondrules they share the same parent body with. S
for instance, also have rims of fine-grained dust.

Fine dust, such as comprises fine grained chondrule r
is well trapped to the nebula gas, so the relative velocit
a particlethrough the gas causes it to encounter fine grai

http://www.elsevier.com/locate/icarus
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Nomenclature

c gas molecule thermal speed
CV, CM carbonaceous chondrite types
ER collision energy to restructure a fluffy aggregate
Emax collision energy for maximum compaction of a

fluffy aggregate
ED collision energy to disrupt and disperse a fluffy

aggregate
fco, fdo initial chondrule and dust mass fractions
H nebula vertical scale height
l eddy size
L integral or largest scale in turbulent energy

spectrum
nm number monomers in a fluffy aggregate
OC ordinary chondrite
p power ofVpg dependence on particle size
r, r1 particle radius; radius atStη = 1
rc radius of chondrule or core of rimmed chondrule
rm radius of monomer or rim grain
Re flow Reynolds number
StL Stokes number relative to largest eddy
Stη Stokes number relative to Kolmogorov scale

eddy
ts stopping time of particle due to gas drag
te(l) overturn time of eddy with sizel
tL overturn time of largest eddy
trim general rimming timescale (Eqs. (5), (14))

ta , tb, td various scaling times: Eqs. (8), (9), and (16)
t∗ dust depletion time: Eq. (17)
tη overturn time of Kolmogorov scale eddy
Vrim volume of fine-grained accretion rim
Vcore volume of underlying chondrule
Vg gas turbulent velocity (large eddy)
Vp particle random velocity in inertial space
Vpg relative velocity between particles and gas
Vpp relative velocity between particles
α nebula viscosity parameter;Re = αcH/ν

η Kolmogorov scale
ν molecular kinematic viscosity
νT turbulent kinematic viscosity
Ω orbital frequency
ω eddy frequency
ρd ambient dust density
ρco, ρdo initial mass density of chondrules and dust
ρs mean particle mass density
ρg gas mass density
ρdo mass density of dust in the nebula
ρco mass density of chondrules in the nebula
ρrim mass density of fine grained chondrule rim
ξ sticking coefficient of grains to rimmed

chondrule
ζ chondrule rim volume/core volume
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dust. The questions are then, does that dust accrete on
surfaces of chondrules and CAIs, and what are the resu
properties of the accretion rims? The outcome depend
the magnitude of the relative velocity and the physical pr
erties of the grains and the particle surface.

For the purpose of this paper, we presume that chond
and CAIs form in the nebula, while remaining neutral
the details of their formation, and concentrate on their p
formation evolution. In two recent papers we have descri
the velocities of small particles in a turbulent gas (Cuzzi
Hogan, 2003) and the formation and radial diffusion of CA
(Cuzzi et al., 2003). In this paper we focus on the acc
tion of fine grained dust rims by these particles during th
nebula phase, prior to their accretion into parent bodies
also Cuzzi et al., 1998). In Section 1 we review some
evant meteorite data and provide introductory backgro
on turbulence and how the relative velocity between a p
cle and the gas (and embedded fine-grained dust) is der
In Section 2 we use our new results for the relative ve
ity between particles and gas to formulate a model for
formation of fine grained dust rims on chondrules and ot
similar sized particles and compare the model predict
with the observations. This model makes use of a sub-m
for rim porosity and grain sticking, which we develop a
e

.

l

present in Section 3. In Section 4 we combine the result
Sections 2 and 3, and explore the time needed for part
to acquire the observed rims, as well as more general im
cations for the primary accretion of primitive planetesima

1.1. Meteorite evidence regarding fine grained rims

Several excellent reviews of fine grained material as r
on coarse particles, and/or as enveloping matrix unass
ated with specific particles, are by Scott et al. (1989), M
zler and Bischoff (1996), Brearley (1996), and Brearley a
Jones (1998). Fine grained rims are generally more fir
attached to the underlying chondrule than to enveloping
trix, and respond to mechanical disaggregation by com
loose from the enveloping matrix material still firmly bou
to their underlying chondrule (Paque and Cuzzi, 1997). R
and matrix are generally distinguishable texturally in sc
ning electron microscopy of meteorite thin sections, e
though the physical, chemical, and mineralogical proper
of the constituent rim and matrix grains tend to be rather s
ilar (Brearley and Jones, 1998, with exceptions, natura
Taylor et al., 1984; Zolensky et al., 1990). Carbonace
chondrites (CV, CO, CM) exhibit much thicker rims (> 100
microns) than ordinary chondrites (OC) (less than tens of
crons). Most of the rim and matrix grains are various kin
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of silicates, but a small fraction are metal or metal sulfi
In CV meteorites, the rim and matrix grains are very si
lar, and are typically the largest of any class (∼ 5µ diameter;
meteoriticists report grain “sizes” as diameters, and we
low this convention). Rim and matrix grains in CO and C
chondrites are also quite similar to each other (“identical”
COs, according to Brearley, 1993) but smaller in size t
for CVs—perhaps∼ 1µ in size. Regarding ordinary chon
drites (OC), Ashworth (1977) observed a dearth of lar
grains and grain fragments in chondrule rims, compare
their abundance in the surrounding matrices of these s
meteorites. The rim grains span a range of modal size
tween∼ 2µ (Hedjaz) through∼ 0.2µ (Parnallee, Weston
to as fine as 0.06µ in Chainpur (Ashworth, 1977).

In OC, rim porosities are often described as lower t
in the surrounding matrix (which Ashworth gives as 6–15
see also Scott et al., 1989). That is, their densities are lo
than “solid” chondrules, but not dramatically so. It is som
times suggested (e.g., Wasson, 1995) that this modest p
ity is incompatible with nebula accretion of rims, becau
nebula-formed rims might be expected to be highly poro
fairy-castle structures with no durability. However, we co
tend that the observed properties are actually quite ea
understand in the nebula context.

A key observation was first reported by Metzler et
(1992); see also Metzler and Bischoff (1996). They fou
fragments, or clasts, of material within the usual rego
breccias, and even entire meteorites, which seemed to b
brecciated agglomerates of dust-rimmed chondrules. T
refer to these as “primary accretionary rock.” The me
orites studied by Metzler et al. were CM2 chondrites
containing chondrules having relatively thick fine-grain
rims. In their samples of primary accretionary texture, t
found all chondrules and other coarse particles to be
rounded by fine-grained rims, and conversely, that the
fine grained dust present was within these already-acc
rims. Some caution must be applied to these specific ro
because CMs have been aqueously altered and the rim g
are now collections of hydrated silicates rather than the o
inal anhydrous grains. However, the textural distinction
tween rims and groundmass remains easy to see in ele
micrographs. In addition, similar “primary texture” has be
observed in other (less altered, or unaltered CO-type) m
orites as well (cf. Brearley, 1993).

This evidence leads to the inference that the very
liest generation of accumulated particles—the first pri
tive bodies—contained only dust-rimmed coarse parti
(chondrules and the like), and that the more familiar mix
rimmed and fragmented chondrules within a structureles
terstitial matrix of fine dust was a result of post-accretio
mechanical fragmentation and abrasion of the primary
ture on a parent body, during the subsequent collisio
evolution that surely occurred (Metzler et al., 1992). In
similar way, in OCs, only samples which have escaped b
ciation exhibit rims around all coarse components (Met
-

-

,
s

n

-

Fig. 1. Chondrule rim volume (thickness) is close to linearly proportiona
core volume (radius); data on Allende CV chondrite from Paque and C
(1997). The line has slope unity, merely for comparison, and is not a be
of any kind.

and Bischoff, 1996; Taylor et al., 1984; Allen et al., 198
Ashworth, 1977).

Metzler et al. (1992) measured rim thicknesses in
section on hundreds of CM chondrules. Unfortunately,
thin section techniques used produced a large dispersi
the relationship between core size and rim thickness, m
ing it difficult to infer more than that the rim thickness a
core thickness were positively correlated (see also Mo
et al., 1998). To improve on this approach, Paque and C
(1997) followed the earlier approach of Hughes (1978); t
disaggregated, catalogued, weighed and measured ind
ual whole chondrules from a number of different chond
types. A small number of these were then mounted
ground to reveal the rim in cross section, allowing the t
thickness to be determined without the sampling uncerta
of thin section techniques. One preliminary but intriguing
sult was a well defined, nearly linear relationship betw
rim volume (thickness) and core volume (radius), with
smaller amount of scatter than in the Metzler et al. d
(see Fig. 1). Unfortunately, only a small fraction of Paqu
unique chondrule collection data have been studied an
duced, not to mention published. Part of the goal of
paper is to motivate further studies of this or similar d
sets. The reason for this, as discussed below, is that a
precise measurement of the slope of theVrim vs. Vcore re-
lationship can provide critical constraints on the accre
environment.

1.2. Particle–gas interactions

The interaction between a particle and the surroun
gas is determined by the particle stopping timets ; for parti-
cles such as we deal with here, which are smaller than a
molecular mean free path, the Epstein regime applies (
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denschilling, 1977):

(1)ts = rρs

cρg
,

wherer is particle radius,ρs is particle material density,c is
the nebula sound speed, andρg is the nebula gas densi
(Weidenschilling, 1977).

In a nonturbulent, orlaminar, nebula where the particl
is subject only to a constant accelerationa, the particle–gas
relative velocityVpg is simply the terminal velocityats . The
accretion of fine grained chondrule rims in such a neb
environment was discussed by Morfill et al. (1998), who
sumed that the rimming was done as chondrules mov
terminal velocityats , with a = constant, in what they mus
have presumed to be alaminar nebula. They left the caus
of this acceleration open, but it could be gravitational s
tling in a laminar nebula, gas-drag driven radial drift, o
combination.1

In this paper we focus on how the process would work
a weaklyturbulent nebula. It remains unresolved at this tim
whether the nebula gas was turbulent or laminar during
chondrule era. In previous papers, we have suggested
some of the observed properties of chondrules themselv
their typical size and size distribution—can be associa
with, and easily explained by, the effects of weak neb
turbulence, and argued that turbulence in the sense of
tuating gas motions and diffusivity, which is of most inter
to us, can be present even if turbulentviscosity, capable of
evolving the nebula, is not (Cuzzi et al., 1996, 2001). He
for simplicity, we will merely adopt the standardα-model
formalism and ignore the distinction between turbulent v
cosity and turbulent diffusivity (e.g., Prinn, 1990). A tu
bulent nebula is characterized by the turbulent gas velo
Vg = VL on some largest eddy, or integral lengthscaleL. The
intensity of turbulence can be characterized by the squa
the turbulent match numberα = V 2

g /c
2, whereα can be as-

sociated with the standard Shakura–Sunyaev paramete
is widely used in nebula modeling. Since the overturn
quencyΩL of the largest true eddyL is probably comparabl
to the local Keplerian frequencyΩo, it can be easily shown
thatL2/H 2 = α as well, whereH is the vertical scale heigh
of the nebula (see Cuzzi et al., 2001, for more detail). Th
L = Hα1/2 andVg = cα1/2. The nebula Reynolds numb
Re = LVL/ν, whereν is the molecular viscosity, characte
izes the intensity of turbulence; in theα-model formalism
Re = LVL/ν = αcH/ν. High-Re turbulence is characterize
by aninertial range of lengthscales, from the largest scaleL

to the smallest, or Kolmogorov scaleη. Dimensional argu-
ments alone lead to the relationshipL/η = Re3/4. Energy
flows nearly losslessly down this range and is dissipate
the smallest scales. Decades of observations and theor

1 A variant was discussed by Liffman and Toscano (2000). In whic
was suggested that fine grained rims can accrete in a circumstellar
reentry environment at relative impact velocities ofVpg > 1 km/sec. We
do not regard this as credible, based on the results of Section 3.
t

f

d

l

work validate the early scaling laws of Kolmogorov whi
allow us to express the typical fluctuating velocityv(l) and
eddy frequencyω(l) on any scalel as simple powerlaws
v(l) = VL(l/L)

1/3 andω(l) = Ω(L)(l/L)−2/3 (Cuzzi and
Hogan, 2003). The overturn time of an eddy of lengthscal
is just te(l)= 1/ω(l).

Treatment of the interaction of particles and turbul
gas is more difficult than in the laminar case, because
accelerations to which it is subject are those of turbulent
dies, which fluctuate on a variety of timescaleste(l). The
problem was first addressed by Völk et al. (1980), again
Markiewicz et al. (1991), and most recently by Cuzzi a
Hogan (2003). Cuzzi and Hogan (2003) (henceforth CH
presented simple analytical expressions for three kind
particle velocities in turbulence, based on the approac
Völk et al. (1980) (henceforth VJMR), and Markiewicz et
(1991) (henceforth MMV). The three kinds of velocities a
the inertial space random velocityVp , the relative velocity
between particles and gasVpg , and the relative velocity be
tween comparable size particlesVpp.

CH03 emphasized particles with stopping timests com-
parable to the overturn timetη of Kolmogorov scale eddies
Particles in this size regime have behavior more comp
than tiny “dust” grains, which are essentially trapped to
gas flow on all scales. In particular, particles withts = tη are
subject to “preferential concentration” by large factors in t
bulence, and based on some of its apparent fingerprin
the meteorite record, we have suggested a link between
process, chondrules, and primary accretion. Specifically
refer to the fact that thetypical size and theshape of the size
distribution of chondrules are readily explained by turbule
concentration (Cuzzi et al., 1996, 2001).

In a second paper (Cuzzi et al., 2003) we explored h
turbulent diffusion and gas-drag-driven radial drift comb
to evolve CAIs throughout the nebula over an extended
riod of several Myr. In a nebula that is even weakly turb
lent, the vertical component of gravity is negligible co
pared to turbulent accelerations from eddies; chondr
sized particles do not “settle” significantly, but merely d
fuse around. In this perspective then, both CAIs and ch
drules should show some evidence of an extended ne
evolution.

In the turbulent regime, particle aerodynamic behavio
determined by the Stokes numberSt, the ratio of the particle
stopping timets to the overturn time of some characteris
eddy. We will make use of Stokes numbers defined rela
to two different eddy overturn timescales: the Stokes n
ber relative to the largest, or integral scale eddy timetL:
StL = ts/tL, and that defined relative to the smallest, or K
mogorov scale eddy timetη : Stη = ts/tη. The overturn time
of the largest scale eddytL is generally regarded as the l
cal orbit period. Preferentially concentrated particles (ch
drules, we have suggested) haveStη = 1 andStL � 1. Since
ω(η)/Ω(L) = (η/L)−2/3, andη/L = Re−3/4, any particle
havingStη = 1 will also haveStL = Re−1/2. For these par
ticles, which are smaller than the gas molecular mean
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path, the stopping timets = rρs/cρg (Eq. (1)); that is,ts and
thusStL arelinearly proportional to particle radius. In this
paper we suggest that this special relationship might h
left fingerprints in the properties of accretionary rims, a
indicate ways this might be more carefully tested.

1.2.1. The particle–gas velocity Vpg
CH03 discuss the important role of the gas velocity

tocorrelation function along a particle trajectory (see a
VJMR and MMV). Simple analytical forms are traditiona
used, but the form used has implications for the parti
size dependence of particle velocities—particularlyVpg of
most interest to us here. Past discussions of dust rimm
have assumed thatVpg(r) ∝ St1/2L , as implied by the re
sults of VJMR. However, more recent discussions (MM
CH03) imply that for small particles, probably including t
chondrule-CAI size range, the best autocorrelation func
leads toVpg(r) ∝ StL. The general form ofVpg is (CH03,
Eq. (19)):

(2)V 2
pg = V 2

g

[
St2L(Re1/2 − 1)

(StL + 1)(StLRe1/2 + 1)

]
.

The results of CH03 for bothVpg andVpp (the interpar-
ticle relative velocity for similar-sized particles) are sho
in Fig. 2, for three different values of nebulaRe. It is sim-
ply shown by retaining leading terms that Eq. (2) forVpg
results in three separate regimes:Vpg ≈ Vg for StL > 1,

Vpg ∝ St1/2L for Re−1/2 < StL � 1, andVpg ∝ StLRe1/4 for
StL < Re−1/2. This is confirmed by inspection of Fig. 2.
the special case ofStη = 1, orStL = Re−1/2 (locations indi-
cated by vertical lines for eachRe in Fig. 2), Eq. (2) reduce

Fig. 2. Vpg(StL) (dotted; Eq. (2)) andVpp(StL) (solid; CH03, Eq. (24))
for Re = 104 (a), 107 (b), and 109 (c). The digitized results of MMV (thei
Fig. 5) for Vpp, for the same three values ofRe, are shown by the dashe
lines. TheVpp expression of CH03 is invalid forStL > 0.1 or so (see text)
Vpp drops precipitously forStL < Re−1/2 (locations indicated by verti
cal lines) because no smaller eddies exist to stir randomrelative velocities
(MMV, CH03).
directly to

(3)Vpg(Stη = 1)= Vg
Re−1/4

√
2

= cα1/4
(

ν

4cH

)1/4

,

where we have substitutedVg = cα1/2 (Cuzzi et al., 2001)
The interested reader is referred to CH03 for further det

Thus, while the particle–gas relative velocity in tu
bulence isgenerally proportional to

√
StL for small StL,

a steeper dependence ofVpg on StL andStη applies to parti-
cles withStη � 1. Bear in mind thatSt ∝ r for the particles
of interest. Thus, evidence for a nearly linear depende
of Vpg on r, if the environment was turbulent, would im
ply that the particles in question wereStη � 1 particles. This
new result derives directly from the use of the improved
velocity autocorrelation function of MMV and CH03.

2. Rimming of coarse particles by fine dust

2.1. A model for dust rimming

2.1.1. Constant ambient dust density
In a situation where the ambient dust densityρd remains

constant= ρdo, a particle accretes rim massmrim at the rate

(4)
dmrim

dt
= πr2(t)ρdoVpg

(
r(t)

)
ξ,

wherer(t) is the instantaneous radius of the rimmed pa
cle,ρdo is the ambient mass density of fine grained dus
the nebula, andξ is the sticking coefficient (which could, i
principle, be negative if net erosion occurs). Thus in so
rimming timetrim,

Vrim(trim)=
trim∫
0

πr2(t)

(
ρdo

ρrim

)
Vpg

(
r(t)

)
ξ dt

(5)=
trim∫
0

d(vol)

dt
dt,

where we have separated the volume and mass density
rim. We can then obtain an expression forr(t) as follows:

(6)dr(t)= d(vol)

4πr2(t)
= ξρdoVpg(r)

4ρrim
dt.

To integrate Eq. (5), we first approximateVpg(r) =
V1(r/r1)

p where the subscript denotes values at some
erence particle radiusr1, which we take as that leading
Stη = 1; then,

(7)
dr

rp
= ξρdoV1

4ρrimr
p

1

dt

with initial conditionr = rc at t = 0, whererc is the radius
of the core solid particle. This can be integrated to obtain
p = 1:

(8)r(t)= rce
t/ta , whereta ≡

(
4ρrimr1

)
,

ξρdoV1
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and ta is the characteristic accretion time of Morfill et a
(1998). Similarly, forp �= 1:

r(t)= rc

(
1+ t

tb

)1/(1−p)

,

(9)wheretb =
(
r

1−p
c

1− p

)(
4ρrimr

p

1

ξρdoV1

)
= ta

1− p

(
r1

rc

)p−1

.

Equation (9) reduces to Eq. (8) in the limitp → 1. Simpli-
fying Eq. (5) by assumingξ and ρrim are constant, usin
Eq. (8), and integrating overt , we get forp = 1

Vrim(trim)= πξ
ρdo

ρrim

trim∫
0

r2(t)Vpg
(
r(t)

)
dt

(10)= Vcore
[
e3trim/ta − 1

]
,

whereVcore= 4πr3
c /3 is the volume of the core. Forp �= 1,

Eq. (5) becomes (using Eq. (9)):

Vrim(trim)= πξr2
c V1

ρdo

ρrim

(
rc

r1

)p
trim∫
0

(
1+ t

tb

)(2+p)/(1−p)

dt

(11)= Vcore
[
(1+ trim/tb)

3/(1−p) − 1
]
.

All prefactors other thanVcore cancel upon changing var
ables and integrating by parts. Note that these res
show directly how the functional dependence ofVpg(r)

(through p) affects the dependence ofVrim on rc. For
p �= 1 (Eq. (11)), an additionalrc dependence enters in th
timescaletb (Eq. (9)). Only forp ≈ 1 is the simple pro-
portionality toVcore= r3

c seen (Eq. (10)); expansions sho
that the timescaletb has very weakrc-dependence even fo
p ≈ 1.

We will define ζ = Vrim/Vcore and rearrange the equ
tions to solve for the rimming time after which a given r
volume is accreted; forp �= 1,

(12)trim = 4ρrimr
1−p
c r

p
1

ρdoζV1

[
(1+ ζ )(1−p)/3 − 1

]
.

Unlessp ≈ 1, this expression has a complicated implicit d
pendence onrc , which appears both in the prefactor and inζ .

We reiterate here the very important fact that, for cho
rule-size particles under nebula gas densities, the stop
time ts is linearly proportional to the product of the insta
taneous particle radiusr(t) and average particle materi
densityρs (i.e., Eq. (1)):

(13)ts = r(t)ρs

cρg
.

Since CH03 showed thatVpg(r) is nearly proportional toStL
in the chondrule size range, andStL ∝ ts ∝ r, this means tha
p ≈ 1 is just what we would expect for chondrules in we
turbulence. Thus, we can either approximate the abovep �= 1
expression in the limit|p − 1| � 1, or invert thep = 1 ex-
pression directly, and obtain the same result, valid forp ≈ 1:

(14)trim = 4ρrimr1 ln(1+ ζ ).

3ξρdoV1
Fig. 3. Rim volume predictions (light weight lines, from Eq. (11)) and o
servations for Allende (solid symbols; Paque and Cuzzi, 1997, as in Fig
The predictions are forp = 0, 0.5, 0.7, 0.9, and 1.0. (Top panel) Direct c
culation of rim volume as a function of core radius. (Bottom panel) R
volume/core volume as a function of core radius. In the top panel we
show a formal least squares fit to the data (heavy solid line) and its fo
one-sigma limits (heavy dotted lines).

V1 and r1 are taken to be the values ofVpg and r where
Stη = 1 exactly (see Eq. (3)). We obtainV1 from Eq. (3) and
we obtainr1 from Cuzzi et al. (2001, Eq. (8)); at 2.5 AU
r1 = 1.3 × 10−4(F/α)1/2 cm, whereF is some mass den
sity enhancement over the minimum mass nebula (we
sumeF = 1 here). The meaning oftrim in Eq. (14) is that
time whichsimultaneously givesall particles in the observed
range of sizes surrounding Stη = 1 their observed rim vol
umes, each proportional to the volume of the underly
core.

In Fig. 3 we compare the rim volume predictions fro
Eq. (11) forp = 0, 0.5, 0.7, 0.9, and 1.0 (light weight line
p = 0 andp = 1 are labeled) with the data of Paque a
Cuzzi (1997), in two different formats. The solid symbo
are the data; the heavy solid line in the top panel is the for
best fit to the data of the function logVrim = a logVcore+ b,
and the heavy dotted lines represent the range covere
one-sigma uncertainty ina. The models only need to assum
trim/ta = 0.2 andr1 = 130µ (as noted above) to approxima
the relative rim/core volumes in both panels; other para
ters cancel. The formal fit to the limited existing data (he
line) lies betweenp = 0.7 andp = 0.9, but cannot really rule
out eitherp = 0.5 or p = 1.0. For comparison, a value o
p = 0.75 is predicted by CH03 for particles withStη = 1,
as easily found by evaluating the derivative of Eq. (19)
CH03 forVpg(St) at Stη = 1, whereStL = Re−1/2, using the
fact thatSt is proportional to particle radius for chondrule
Thus, our hypothesis that chondrules are indeedStη = 1 par-
ticles is consistent with the limited current data; about 5
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times as many points with comparable or smaller varia
would probably suffice to confirm or refute the hypothes

2.1.2. Variable ambient dust density
Morfill et al. (1998) suggested one way in which all t

particles in a meteorite could share the sametrim: specifi-
cally, if all the chondrules in some restricted volume of
nebula depleted all the ambient dust in that volume. Be
we amplify on the results of Morfill et al. (1998). To ke
the math simple, we merely assume ap = 1 dependence o
Vpg(r); our generalized derivations above indicate that
own p = 1 rimming equations remain approximately va
as long asp is not too different from unity.

Morfill et al. (1998) showed that the time-dependent a
bient dust densityρd(t) may be written in the form

(15)
ρd

ρdo
= ρoe

−t/td

ρco + ρdoe−t/td
,

where

(16)td = 4r1ρrim

3ρoV1ξ
=

(
ρdo

3ρo

)
ta

is another timescale which can be associated with the e
ronment, andρo = ρco + ρdo = ρo(fco + fdo) is the total
volume mass density in solids. That is, the initial mass d
sity in chondrules and in dust areρco andρdo, respectively,
and fco and fdo are their respective fractions of the to
mass density in solids,ρo. Note thattd itself is not the de-
pletion timescale in general; for instance it is independ
of how ρo is distributed between dust(fdo) and chondrules
(fco), and clearly the depletion time must depend on
partitioning. Equation (15) may be crudely approximated
an exponential decay of the dust density by solving for
time t = t∗ at whichρd/ρdo has fallen to 1/e; that is,

(17)
ρd

ρdo
= e−t/t∗ and t∗ = td ln

(
e− 1+ fco

fco

)
.

Figure 4 shows the exact solution forρd/ρdo (Eq. (15), solid
lines) and its crude exponential approximationρd/ρdo =
exp(−t/t∗) (dotted lines).

We continue to follow the Morfill et al. derivation o
rimmed particle sizes (their Eq. (7)), using Eq. (15) and g
eralizing to unequal core densityρs and rim densityρrim. In
our notation, the ratio of the final (rimmed particle) radiur
to the core radiusrc is

r

rc
= (

1− fdo
(
1− e−t/td

))−ρs /(3ρrim)

(18)= (
fco

(
1− e−t/td

) + e−t/td
)−ρs/(3ρrim).

Figure 5 shows howr/rc increases with time, asymptotin
on the timescalet∗ (dotted lines)—the same timescale
which the ambient dust is depleted—at a particle sizer or
rim thicknessr − rc which depends only on the initial part
tioning of solids into chondrules and dust:

(19)lim
r = f

−ρs/(3ρrim)
co .
t�td rc
Fig. 4. Depletion of fine grained dust mass densityρd(t) in a confined vol-
ume by chondrules having two different values of the initial fractionfco of
the solid mass. Solid lines: exact expression (Eq. (15)); dotted lines: e
nential depletion approximation (Eq. (17)). Forfco = 0.5, t∗ ∼ 1.5td ; for
fco = 0.05, t∗ ∼ 3.5td .

Fig. 5. Growth of particles by rimming in fine dust, for several differe
initial chondrule mass fractionsfco . The histories are plotted against tw
characteristic timescales:t/td (solid) and t/t∗ (dotted). Particles grow
ing from smaller values offco take longer to reach their asymptotic si
(t ≈ 6td for fco = 0.01 vs. t ≈ 2td for fco = 0.5); however for eachfco
the particles asymptote att ≈ 1.5t∗ . This supports use oft∗ as the more
useful characteristic timescale.

In Fig. 5 we recall meteoritical data and anticipate the res
of the next section by settingρrim ≈ ρs . However, before
making quantitative estimates oftrim, td , t∗, and other quan
tities of meteoritical interest, we must address (in the n
section) two additional important determining paramet
the sticking coefficient (ξ ) and rim densityρrim.

Summarizing this section, we have derived express
for rim volume (or final particle radius) as a function
core volume (or radius) which directly reflect the und
lying particle-size dependent gas-relative velocityVpg =
V1(r/r1)

p . If Vpg ∝ r, a simple linear proportionality be
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tween rim volume and core volume results; ifp < 1, a flatter
dependence results. Particles withStη < 1 have a purely lin-
ear r-dependence forVpg , and particles withStη > 1 have
Vpg ∝ r1/2 (Section 1.2.1 see, e.g., Fig. 2). While both th
extreme limits lie near the one-sigma formal uncertaintie
a best fit to the best existing (very limited) rim volume da
preferentially concentrated particles, with Stη = 1, have an
intermediate velocity dependenceVpg ∝ r0.75 that is quite
consistent with the data. The data are thus very consis
with the hypothesis that chondrules are indeedStη ≈ 1 parti-
cles, experiencing weak nebula turbulence as described
and in Cuzzi et al. (2001). Additional observations of r
thicknesses which are both more accurate and more
cise are needed to distinguish more clearly between
degrees ofnear-linear size dependence. We calculate r
thicknesses under two different assumptions—first, that
ambient dust density remains constant during rim accre
and second (following Morfill et al., 1998) that the rimmin
of dust grains occurs in a closed environment, wherein
complete depletion of dust onto chondrule surfaces a
matically provides all chondrules in the volume with t
same characteristic rim accretion timescale. We explic
derive the characteristic timescale for this process,t∗, as a
function of the initial mass partitioning into chondrules a
dust. Quantitatively, however, the rimming timest∗ and td
presented in Section 4 depend on rim density and stic
coefficient, which we address in the next section.

3. Sticking of grains and aggregates

Little is known with confidence about the sticking pro
ess, because neither laboratory experiments nor theore
models provide a high-fidelity representation of nebula m
terials or conditions. However, it is possible to make “
trophysical accuracy” estimates of what we might exp
to occur when chondrules encounter fine grains, base
a combination of theoretical and experimental results.

Theoretical and numerical models by Chokshi et
(1993) and Dominik and Tielens (1997, and referen
therein) as updated by subsequent laboratory measurem
(Wurm and Blum, 1998, 2000; Heim et al., 1999; Pop
et al., 2000) can be used to get a sense of how grain agg
tion proceeds for different materials and relative velocit
Consider monomer grains of massm and radiusrm. Chok-
shi et al. (1993) and Dominik and Tielens (1997) (hencefo
DT97) showed that the collision kinetic energyEc = mV 2

rel
below which sticking of identical grains occurs (Estick) is
nearly proportional torm (their Fig. 18). This means tha
small grains stick more readily than large ones. Rela
velocities between micron-sized grains in plausible neb
turbulence are well below this critical threshold, so we
pect fine grains (smaller than a few microns) to form sm
fluffy aggregates readily—they stick where they touch. T
process is normally referred to as PCA (particle–cluster
cretion, see Beckwith et al., 2000, for a review).
t

e

-

l

ts

-

DT97 also studied collisions between fluffy aggrega
this is known as CCA or cluster–cluster accretion. Th
showed, using a model for the deformation of chains
clusters of grains, that two new energy thresholds emer
ForEc < Eres, two clusters of massm simply stick and at-
tach at their first point of contact, just as two monom
would, forming a larger cluster (CCA). For larger collisio
energies, the aggregatesrestructure, and absorb some energ
by deforming chains andbecoming more compact. That is,
after a sufficient number of monomers stick to create a lo
fractal aggregate, deformation within this aggregate all
collisions at higher relative velocities to result in sticki
and merging of the two aggregates into one denser ag
gate. The compacting process proceeds to greater degre
density, until some disruption threshold energyEdis, after
which point the clusters and/or rim structures begin to
destroyed by the energy of the collision. They showed
these threshold energies could be related to mechanical
erties of the grain material and to the size of the monom
In most cases, DT97 modeled collisions between clus
of nm = 100 monomers. The ability of a cluster to abso
and dissipate energy by deformation, rather than by fly
apart or eroding, is, conservatively, proportional to the nu
ber of grain contactsnc ≈ nm involved (DT97, their Fig. 17)
Unfortunately, only spherical grains can be modeled, wh
misses the possibility that irregular grains touch at sev
different points, but it also misses possibilities where c
tacts have even smaller radii of curvature than modeled,
are thus even easier to deform. It is an approximate th
for sure, but useful for guidance at the astrophysical ac
racy level.

The results of DT97 may be modeled as follows (
DT97, their Fig. 18):

Eres=
(
nm

100

)
ER(1µ)

(
rm

1µ

)
ergs,

Emax=
(
nm

100

)
EM(1µ)

(
rm

1µ

)
ergs,

(20)Edis =
(
nm

100

)
ED(1µ)

(
rm

1µ

)4/3

ergs,

where rm is monomer radius, andER(1µ),EM(1µ), and
ED(1µ) are threshold energies for restructuring, maxim
compression, and disruption of aggregates composed oµ

radius monomers, respectively. These threshold energie
simply related to two different critical energies (for rollin
and breaking) as seen in DT97 (their Table 3), and their
ues can be read directly from Fig. 18 of DT97 for a redu
radiusrm/2. There is some evidence thatED is several times
larger for “core–mantle” aggregates (DT97, their Fig. 1
such as might characterize rimmed chondrule surfaces w
are our application of interest, so below we apply a fac
of 3 to our selection ofED. In more recent work (Heim
et al., 1999; Blum and Wurm, 2000), these very regim
are observed experimentally in the same order and with
same relative threshold velocities. However, quantitativ
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the surface energies and velocity thresholds have been f
to be larger than assumed by DT97 (also reviewed in B
with et al., 2000). Specifically, the energy threshold cont
ling ER andEM is a factor of 18 larger than adopted
DT97 and the energy threshold characterizingED is about a
factor of 5 larger. Thus we will adopt the following thres
olds:

ER(1µ)= 5.4× 10−8 ergs,

EM(1µ)= 1.8× 10−6 ergs,

(21)ED(1µ)= 1.5× 10−4 ergs.

SinceEdis refers to an aggregate of 100 micron-rad
grains, it can be rewritten as 105–106 erg/g using the above
value ofED , which is comparable, for instance, with valu
typically used by Weidenschilling (e.g., 1997). Meteorite
idence tells us about the properties of “fine grains” in ch
drule rims and the overall enveloping matrix, as descri
in Section 1.1. The grains are in the micron size ran
in general. As discussed above, micron-sized and sm
grains are so strongly tied to the gas that their relative
locity is always extremely small; thus, collisions betwe
micron-sized particles occur only at such slow veloci
as readily result in sticking rather than bouncing (Weid
schilling, 1988). Consequently we expect that most gr
in the micron size range will quickly form aggregates
similar grains, rather than spending their nebula lifetime
monomers. Chondrules drifting through the gas at rela
velocity Vpg most likely encounter dust grains not one a
time, but in clusters which are very fluffy, fractal aggrega
having the same aerodynamic properties as the mono
of which they are assembled.2 In an important observation
Brearley (1993, 1996) notes that much of the rim and
trix grain material in two different carbonaceous chondr
can actually be resolved into small clusters or aggreg
of grains with noticeably different properties—someth
like “cluster IDPs” perhaps. This phenomenon is very m
along the lines of expectations for nebula aggregation as
cussed above, and if so may be true for all samples.

Assuming the (already partially rimmed) chondrule to
of mass far greater than the impinging aggregate, the rele
collisional energy is that of the aggregate, taken asnm identi-
cal monomers of radiusrm and densityρm ∼ ρs (the density
of the silicate chondrule itself); thusEc = 2

3nmπρsr
3
mV

2
pg .

SettingEc equal to the various threshold energies, we so
for the corresponding critical velocities:

(22)

(
nm

100

)
ER,M(1µ)

(
rm

1µ

)
=Ec ≈ 2nmρsr3

mV
2
pg,

2 Both types of accretion produce grains with fractal dependence of
sity on size, where the dimension of the fractal is lower for CCA than P
For either PCA or CCA, the density of the aggregate drops sufficie
rapidly with increasing size, that the stopping timets of the cluster does
not increase as it grows; roughly speaking, for such a particle with
sity decreasing as 1/r (cf. Beckwith et al., 2000), the productrρ (which
determines the aerodynamic stopping time) remains constant. Thus ae
namically, fractal aggregates of this sort behave just like monomers.
d

s

t

-

wherenm cancels leaving

(23)V 2
pg;R,M ≈ 1.6× 109ER,M(1µ)

(rm/1µ)
.

Similarly, for disruption of the aggregate and/or a compa
ble mass of rim,

(24)V 2
pg;D ≈ 1.6× 109ED(1µ)

(rm/1µ)5/3
.

Then assuming all monomers are 1µ radius for simplic-
ity, restructuring of fluffy aggregate rims starts atVpg ∼ 10
cm/sec, maximum compaction occurs nearVpg ∼ 50 cm/sec
and disruption does not occur untilVpg exceeds 300 cm/sec
or so. These thresholds are consistent with the experim
of Blum and Wurm (2000). It can also be determined fr
DT97 (their Fig. 18) that the energy threshold at which e
sion of monomers starts to play a role is about 18 tim
lower than the disruption threshold. Poppe et al. (2000)
that irregular particle shapes seem to increase the stic
(disruption) threshold velocity significantly; since rim gra
are nonspherical, but equidimensional (Ashworth, 1977)
effect of shape on the restructuring and compaction thr
olds is not clear. In addition, triboelectric charging effe
(Desch and Cuzzi, 2000; Marshall and Cuzzi, 2001) m
play a role. C. Dominik (personal communication, 200
believes that electrostatic forces, if present, might incre
the disruption threshold even further, but will not affect
rolling contacts which control restructuring and compact
We emphasize that, due to the simplified nature of th
estimates, the compaction–disruption energies are prob
uncertain by factors of several.

Recall our derivation of the values ofVpg expected for
chondrules in weak nebula turbulence (Eq. (3)):

(25)Vpg(Stη = 1)= V1 = cα1/4
(

ν

4cH

)1/4

.

The values of Eq. (25) are plotted in Fig. 6, along with
threshold values ofVR,M,D for micron size particles, as we
as an “erosion” thresholdVE ∼ VD/4, where monomer
start to be lost. In this figure (relevant to 2.5 AU) we
sumec = 1.5 km/sec,H/R = 0.05, and molecular viscosit
ν = 106 cm2/sec. It is of interest that, over a very wide ran
of potential values of nebulaα, the entire range of velocitie
we predict for presumablyStη = 1 chondrules relative to th
gas, and thus to monomers or aggregates of monome
within the range where highly porous, fluffy structures
compacted, but not disrupted.

More complete future studies should take several fac
into consideration.Vpg and thusEc are not really single
valued, but obey a probability distribution function; som
collisions are unusually slow, or approach from the tr
ing side, and might provide those first few sticking eve
needed to build up a porous “cushion” for subsequent
cumulation. Or, the first grains to stick might well be t
tiniest in the ambient population, again helping to get
process started. In this sense it might be of interest tha
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Fig. 6. The relative velocityVpg = V1 (solid line) between particles havin
Stη = 1 (assumed to be chondrule size) and the nebula gas with its
bedded fine grained dust, for a wide range of candidate nebulaα values.
Shown by the horizontal dotted lines are threshold velocities for res
turing (VR ), maximal compaction (VM ), erosion of monomers (VE ), and
disruption (VD ) of rims composed of swept-up aggregates of micron-rad
grains. Note thatV1 is very weakly dependent onα for Stη -sized parti-
cles, and its likely values (forα ∼ 10−4 to 10−2) fall in the range where
impinging fluffy aggregates would be accreted and compacted, but no
rupted. Note that for CAIs, which are 5–50 times larger than chondru
Vpg would thus be considerably larger and exceed the erosion thresho
nominalα.

rims at least (which are the thinnest) do tend to be c
posed of smaller grains than the enveloping matrix. Acc
tion mightboth compact the rimand erode off some of the
more loosely bound fingers, creating the rounded config
tions we now see. For instance, Lauretta and Buseck (2
note both the very small grain size in OC rims, and the t
dency for rims to be thicker in embayments, which wo
be protected; a similar tendency is seen in CAIs (see bel
There might always be a few fluffy fractal fingers left han
ing off any rimmed chondrule, but these delicate structu
would quickly lose their identity as rimmed chondrules c
lide with each other or are abraded in a regolith breccia
during disaggregation on Earth). The fact that accretion
dust mantles fill in the hollows first and have rounded
teriors, independent of the shape of the core, indicates
perfect sticking is unlikely and that some erosion must a
be occurring. This is especially obvious for CAIs (see
low). Finally, the low porosity of rims is even more eas
explained if the accreting dust grains have a size distr
tion, as is likely, with smaller grains being able to slip
between larger ones.

Overall, the combination of laboratory and observ
properties thus implies that

(a) while some erosion might be occurring, a reason
sticking probabilityξ is justified for chondrules (subse
quently we adoptξ ∼ 0.3 to within a factor of 3 in eithe
direction), and
)

t

(b) it seems reasonable for rims to attain fairly high d
sity as they become compacted by successive incom
grains and aggregates.

3.1. Why are CAIs different?

If the relationshipVrim ∝ Vcore persisted from chondrule
sized to CAI-sized particles, we would expect CAIs to ha
much thicker rims than chondrules. This aspect of CAIs
not been studied systematically, but it seems that while C
do show evidence for fine-grained accretion rims (MacP
son et al., 1985; Krot et al., 2002), the rims are thinner
a relative sense, than for chondrules in the same meteo
(e.g., CVs). Furthermore, the fine grained dust lies prefe
tially in hollows and cavities in the (often irregular) surfac
of these CAIs. While we will not pursue a detailed mode
CAI rimming in this paper, we will point out that the spar
observations to date are compatible with theoretical expe
tions. Primarily large CAIs have been studied to date. Be
larger, these objects have commensurably largerVpg , which
places them in the erosive or even disruptive regime (Fig
The fact that accretion rims survive in protected hollow
sometimes to rather significant depth, tends to suppor
concept that CAI surfaces are sandblasted by virtue of t
higherVpg , and accrete rims with more difficulty. Extensio
to “fluffy” CAIs is more complex because, being fluffy, the
ts is not so simply related to their apparent size. It is
out of the question that theirVpg is sosmall for this reason
that they might again accrete rims only fairly slowly. In th
regard, chondrules might occupy the region of phase s
where theirVpg is large enough to bring them into conta
with a large amount of dust, but small enough to allow th
to retain it. More detailed pursuit of these arguments is p
mature without more actual data on fine-grained rims,
at least the differences between CAI and chondrule rimm
do not seem to rule out the perspective advanced here.

4. Predicted values for rimming times

Several groups have estimated rimming times in
past, but their estimates, and the parameters determ
them, vary widely. Kring (1988) estimated rimming tim
of minutes to tens of years. Metzler et al. (1992) estima
tens of thousands of years under highly turbulent co
tions (Vg ∼ 0.1c, orα = 10−2), but without any details as t
fco, fdo, etc.; also Metzler et al. (1991) and (1992) adop
a relationship ofVpg ∝ r1/2 in turbulence, apparently base
on the original VJMR results (see Section 1.2.1). They a
state that in a quiescent nebula, where settling under g
ity produces a linearVpg(r), as in Morfill et al. (1998), the
rim formation time was over 107 years, much longer tha
the descent time of several thousand years. This is puz
because a 100µ radius chondrule encounters 10–50 tim
more than enough material to make its rim on one vert
descent through such a nebula; however, the details of t
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calculations have not been published, and are apparent
perceded by the work of Morfill et al. (1998), who do n
distinguish turbulent from laminar environments, and w
do not give a rim formation timescale. It is clear that e
mating timescales is very much dependent on the assu
properties of the nebula, the sticking coefficient, one’s
ories for Vpg(r), etc. We feel that, using parameters a
relationships derived in the previous sections and paper
can now estimate chondrule rimming times under differ
assumptions about the environment, with at least a degr
understanding of the likely range of values and of how p
meters affect them.

The rimming timetrim in turbulence, under constant am
bient dust densityρdo (Eq. (14)) is plotted in Fig. 7, as
function ofα and for several values ofζ = rim volume/core
volume. For this plot and other plots in this section,
assumed a location of 2.5 AU, with gas density 1.1 ×
10−10 g/cm2 and a mass fraction in all solids ofρo =
5 × 10−3. We assumed a sticking coefficientξ = 0.3, and
a rim densityρrim which is 90% of the core densityρs =
3.0 g/cm3. We used Eq. (3) forV1 and Eq. (8) of Cuzz
et al. (2001) forr1—the size of particle which is pre
erentially concentrated for each value ofα. We assumed
c = 1.5 km/sec andν = 106 cm2/sec (cf. e.g., Cuzzi et al
2001). trim, td , and t∗ can be easily scaled to other valu
of these parameters. For simplicity in Fig. 7 fortrim, we as-
sumed all solids were in the fine dust component (fco = 0),
because the presumption of invariantρdo more or less as
sumes its value is maintained by mixing, or some out
influence, regardless offco.

The influence offco, in the case where dust becomes
pleted in a restricted volume, is more clearly seen in
following figures. Figure 8 showstd (Eq. (16); heavy line)
andt∗ (Eq. (17); for several values offco; lighter lines). The

Fig. 7. The rimming timetrim under conditions of constant ambient neb
dust densityρdo , for ζ (rim volume/core volume)= 0.1, 0.3, 1.0, and 3.0
The CM chondrules of Metzler et al. (1992) haveζ = 2.4 and the CV chon-
drules of Paque and Cuzzi (1997) haveζ = 0.7 (see Fig. 4). Paramete
assumed in these curves are given in Section 4.
-

d

f

Fig. 8. The depletion timestd (heavy line) andt∗ (light lines) for a sce-
nario in which chondrules deplete all the fine dust in some volume wit
replenishment. The lines oft∗ are forfco = 0.01, 0.03, 0.1, 0.3, and 1.0
from top to bottom, andt∗(fco = 1)= td (see text, Section 4). Typical rim
ming times in this scenario are in the 100–1000 year range for plau
values ofα which select chondrules for preferential concentration (Cuz
al., 2001).

Fig. 9. The asymptotic rim thickness in a dust-depletion rimming scen
as a function offco . Observed rim thicknesses are shown for CM and
chondrules (see Section 4).

line for t∗(fco = 1) naturally overlaps the line fortd . These
times are rather longer thantrim, sinceρd is decreasing sig
nificantly over the formation time of the rim, but still lie i
the 100–1000 year time range for plausible parameters.

If one were to accept or to decide that the “depleti
determined” rimming time condition of Morfill et al. is th
case, one can use the observed rim thickness to con
the initial partitioning of matter into dust and chondrules
Morfill et al. noted. Recall from Fig. 5, and Eq. (19), that t
asymptotic rim thickness is only a function of the initialfco.
In Fig. 9 we show this relationship explicitly, along with o
served typical rim thicknesses for CM chondrites (Metz
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et al. (1992) and Unequilibrated Ordinary Chondrites (O
Allen et al. (1980)).

5. Implications and speculations

Merging the rimming effects and other processes
cussed here with those we have discussed previously (C
et al., 2001, 2003; CH03) into a self-consistent scenari
primary accretion will take more effort. However, even
this point a few interesting implications of the turbulent ne
ula premise may be noted.

One interesting comparison is between the dust swee
times td and t∗ (Fig. 8, Section 4) and the time it takes f
material to diffuse various radial distances. This is illustra
in Fig. 10 for 2.5 AU. The solid curves merely reprodu
the sweepup times of Fig. 8. The dotted lines are the tim
takes a molecule or small particle to diffuse different rad
distances, between 0.1H and 30H , whereH is the verti-
cal scale height. It is meaningful to discuss radial diffus
by less than a scale height because the mixing lengths
(the turbulence integral lengthscale) isL = Hα1/2 < 0.1H
for α < 10−2 (Cuzzi et al., 2001). Note from Fig. 10 th
an ensemble of chondrules might never be able to clean
all the dust from a region much narrower thanH , because
it can be diffusively replenished from surrounding regio
on shorter timescales thant∗ for nearly allα. On the other
hand, a region wider thanH may be swept clean faster tha
the timescale on which fresh dust may be diffused into
region. Another way to state this is that the “closed envir
ment” of Morfill et al. (1998) must be a scale height or mo
in radial width, if the nebula is turbulent.

If indeed the near-linear relationship between a ch
drule’s core volume and its rim volume is due to sweepu

Fig. 10. An expanded version of Fig. 8 (solid lines) for the time it ta
an ensemble of chondrules to sweep up all the dust in some region
including the time it takes fine dust to diffuse radially by the amounts sh
(dotted lines, labeled in terms of the vertical scale heightH ).
i

t

all local dust, then a second implication follows that wh
ever process is responsible for primary accretion must
erate on a timescale which must be short compared to
timescale on which a new ensemble of “fresh” chondru
are created—unlessall chondrules in the volume were r
processed. If this were not true, the newer chondrules w
be unrimmed if sweepup were complete, or less rimme
it were not yet complete. This would blur or eliminate t
relationship between core size and rim thickness (Fig.
Whether the sweepup is complete or not will depend
the primary accretion timescale compared to the rimm
timescale. If the primary accretion timescale is shorter t
the rimming timescale, this becomes the common rimm
time. This line of argument also seems to favor hea
events at least a significant fraction ofH in radial ex-
tent.

It also makes sense for the primary accretion timesca
be fairly short compared to timescales on which the n
ula temperature and composition evolves (Cassen, 1
2000); if this were not true, we would not see such disti
classes of meteorites. Since most agree thatH/R ∼ 0.05, the
timescales on which we might expect to see global evolu
are comparable to the lines for 10H and 30H in Fig. 10.
Thus, takingα = 10−3 for example, we would expect th
primary accretion process to collect some local ensemb
coarse particles into planetesimals on a timescale whic
probably longer than 103 years but probably much short
than 105 × (10−3/α) years.

Of course, the meteorite record is replete with com
cations for any theory. There are, for instance, a numbe
“igneous rimmed” chondrules (Rubin and Krot, 1996) wh
might be easily explained by a dust-rimmed chondrule
periencing a second chondrule-formation-like event. In
context of the present proto-scenario, these might repre
the chondrules which escape primary accretion to experi
a second chondrule-forming event. The relative abunda
of such objects probably says something about the efficie
of the primary accretion process and its timescale relativ
the recurrence time of chondrule formation events.

In order to test the hypothesis that sweepup by chondr
of fine grained dust, or more likely of fluffy aggregates
fine grained dust, is responsible for their fine-grained ri
we need a much better data set than currently exists. T
are at least two different things that should be better de
mined:

(1) Does the general relationship which isroughly given
by Vrim ∝ Vcore (Paque and Cuzzi, 1997) extend to
samples and to all meteorite classes? That is, do
have the same functional relationship as CV and
chondrites, differing only by a multiplicative consta
(related perhaps to a shorter rimming time or to a sma
ambient dust density)?

(2) More precisely, what is the power of the dependenc
Vrim onVcore? This power is directly related to theSt de-
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pendence ofVpg . If a slope of 0.75 could be definitivel
distinguished from a slope of 0.5 or 1.0, for instan
this would be very strong evidence that the rimmed p
ticles wereStη = 1 particles (Section 1.2.1).

6. Summary

In this paper we developed a theory for accretion of fi
grained dust rims on chondrule-and-CAI sized particles,
ing the expressions for relative particle–gas velocityVpg of
Cuzzi and Hogan (2003). We noted how the near-linear
pendence ofVpg(r) translates into a near-linear depende
of Vrim on Vcore, as observed, if all particles in a meteor
share a common rim accretion time. Relying on theoret
modeling of velocity-dependent energy loss in collisions
tween porous, deformable aggregates (Dominik and Tie
1997) we estimated the sticking efficiency (moderate)
porosity (low) for rims on particles in this size range. W
then estimated the time needed for chondrules to acq
rims as thick as those observed (100–1000 years with
factor of a few). We noted how CAIs probably lie in an e
tirely different regime than chondrules (incurring erosi
rather than accretion), under the same turbulent condit
because of their larger sizes. We pointed out some q
itative implications regarding the timescales on which
as-yet-unknown chondrule formation and primary accre
processes may operate. We noted the need for new obs
tions of fine grained rims, as a way to put further constra
on the environment of primary accretion. The associatio
near-linear rim-core dependence with particles in the ch
drule size range, combined with our previously repor
correspondence between predicted and observed chon
sizes and size distributions, provides additional suppor
a weakly turbulent nebula (Cuzzi et al., 2001) as the
vironment of chondrule and CAI formation, evolution, a
primary accretion.
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